for up to 7 days, The virions from the D4E1-treated culture had impaired infectivity, as measured by the 50% tissue culture infectious dose and nested PCR analysis of proviral DNA. However, these noninfectious virions were able to bind and internalize, suggesting a defect at some postentry step. After chronically infected CrFK cells were treated with D4E1 for 24 h, increased cell-associated mature p26 Gag and decreased extracellular virus-associated p26 Gag were observed by Western blot analysis, suggesting that virus assembly and/or release may be blocked by D4E1 treatment, whereas virus binding, penetration, RNA synthesis, and protein synthesis appear to be unaffected. Synthetic peptide antibiotics may be useful tools in the search for antiviral drugs having a wide therapeutic window for host cells.
Significant progress has been made in the treatment of human immunodeficiency virus (HIV) infection, but we are still far from the end of the battle against this disease. Current therapy consists of complex regimens of nucleoside analogs, nonnucleoside reverse transcriptase inhibitors, and viral protease inhibitors aimed at specific steps of the HIV replication cycle. These drugs target with high specificity, yet rapid virus turnover in HIV infection may result in the emergence of resistant mutants and subsequent treatment failure (7, 36) . The search continues for new drugs having lower toxicity that attack novel HIV targets or different components of the HIV replication cycle or simply provide more choice for combinatory therapy.
Peptide antibiotics (also known as antimicrobial peptides or natural antibiotics) can be isolated from a variety of organisms, including bacteria, plants, insects, invertebrates, and vertebrates. These peptides are among the main effector molecules in host innate immunity and act on a variety of tumor cells as well as a broad spectrum of microbes such as bacteria, fungi, protozoa, and enveloped viruses. Features common to all the peptide antibiotics are small size (12 to 100 amino acid residues), polycationic charge, and amphipathic structure having associated ␣-helices or ␤-pleated sheets (reviewed in reference 3). The currently proposed antimicrobial mechanism of this class of agent is direct electrostatic interaction with negatively charged microbial cell membranes, followed by physical disruption (3, 19, 32) .
The natural peptide antibiotics have been proposed for use against infectious diseases as an alternative for conventional antibiotics due to their apparently minimal tendency to induce microbial resistance (12, 13) . Anti-HIV activities have been described for several peptide antibiotics, such as melittin and cecropin (both ␣-helix forms of peptides), from insects (45, 46) , and tachyplesins (29) and protegrins (42) (small ␤-sheet peptides), found in the blood cells of horseshoe crabs and pigs, respectively. Peptides modeled on these natural peptide antibiotics have been synthesized to facilitate the study of structure-function relationships and the mechanism of action of antimicrobial activity (16) . These synthetic peptides are termed peptidyl membrane-interactive molecules (peptidyl-MIMs). Preliminary testing of some of these peptidyl-MIMs has shown antimicrobial activity greater than that of their natural analogs (16) .
Critical to evaluating the in vivo efficacy of peptidyl-MIMs as therapies for AIDS is an animal model that closely resembles HIV in natural history and pathogenesis. Feline immunodeficiency virus (FIV) is a lentivirus of the cat that closely parallels the natural history, pathogenesis, and development of immunodeficiency and clinical diseases seen in HIV infection (10, 35, 44) . The morphology, protein composition, and genomic organization of FIV are similar to those of other lentiviruses, including HIV. Although FIV's overall genomic organization is more closely related to that of nonprimate lentiviruses, the biology of FIV resembles that of HIV, as it is highly lymphotropic and causes an immunodeficiency syndrome. Molecular cloning and characterization of the gene and gene products encoded by FIV make it amenable to molecular manipulations for detailed studies of the lentivirus life cycle and development of intervention strategies (30, 39) .
In this study, we took advantage of the FIV infection model to evaluate the potential in vitro antiviral activity, cell toxicity, and mechanism of action of peptidyl-MIM synthetic peptide antibiotics.
MATERIALS AND METHODS

Cells.
Uninfected Crandell feline kidney (CrFK) cells and CrFK cells persistently infected with either the Black or Petaluma isolate of FIV were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heatinactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 U of penicillin per ml, 100 g of streptomycin per ml, 15 mM HEPES, and 0.075% NaHCO 3 . Approximately 80% of the cells in the chronically infected CrFK cell culture expressed FIV proteins when measured by immunofluorescence.
FCD4-E, an interleukin-2 (IL-2)-dependent feline CD4 ϩ lymphocyte cell line established in our laboratory (31) , was used to assay infectious FIV. FCD4-E cells were maintained in RPMI medium supplemented with 10% FBS, 100 U of penicillin per ml, 100 g of streptomycin per ml, 2 mM L-glutamine, 15 mM HEPES, 2 mM sodium pyruvate, 5 ϫ 10 Ϫ5 M 2-␤-mercaptoethanol, and 100 U of recombinant human IL-2 (rhIL-2; Biological Resource Branch, National Cancer Institute, Frederick, Md.) per ml.
FIV isolates. Two FIV isolates, FIV-Black (obtained from J. Black, American Bioresearch, Inc., Milton, Tenn.) and FIV-Petaluma (obtained from the American Type Culture Collection, Manassas, Va.), were used in the experiments. These two virus isolates were distinguishable by cellular cytopathic effects. FIVBlack virus-infected CrFK cells showed normal cell morphology. In contrast, Petaluma-infected cells form syncytia and show cell rounding, formation of cytoplasmic granules, and slower growth. Both isolates of FIV were maintained in chronically infected CrFK cells.
Peptidyl-MIM compound candidates. A total of 16 peptidyl-MIM candidates were provided by Demegen, Inc. (Pittsburgh, Pa.). They were D4E1, DC1,  D1D6, D4C3, D5C1, D5F, D2B15, D2A3, D2A21, D1A22, D5C, D3A15, D1D2,  DP1, D4B, and D5D (Table 1) . Peptides were dissolved in double-distilled H 2 O at a 1 mM concentration, aliquoted, and stored at Ϫ80°C. For assay, peptidylMIMs were thawed on the day of use and diluted in culture medium to the indicated final concentration.
Antibodies. Monoclonal antibody specific for FIV Gag protein (clone 51G11.1) was a gift from E. A. Hoover (Colorado State University, Fort Collins). Fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulin G (IgG) and peroxidase-labeled goat anti-cat IgG were purchased from Kirkegaard-Perry Laboratories (Gaithersburg, Md.). Serum from an FIV-infected specific-pathogen-free cat (KJ6, experimentally infected with the NCSU 1 strain of FIV) was used to detect FIV antigens for Western blot analysis. The serum was preabsorbed overnight at 4°C with uninfected CrFK cells, and the supernatant containing anti-FIV antibody was collected after centrifugation.
Determination of antiviral and cytotoxic effect of peptidyl-MIMs. Chronically FIV (Black or Petaluma)-infected CrFK cells were seeded into the wells of 96-well plates at 10 4 cells in 100 l of assay medium (DMEM with only 5% FBS but otherwise containing the same supplements as culture medium). To triplicate wells, 100 l of medium containing serially diluted peptidyl-MIMs was added. After a 24-h incubation at 37°C in 7% CO 2 , supernatants were collected for reverse transcriptase (RT) assay or p26 determination, and cells were assayed for peptidyl-MIM cytotoxicity. Uninfected CrFK cells were similarly treated to measure the cytotoxicity of peptidyl-MIMs for normal cells. For testing long-term effects of peptide treatment, supernatants were also collected at 3, 5, and 7 days. Data obtained from RT assays, p26 enzyme-linked immunosorbent assay (ELISA), and MTT [3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyl tetrazolium bromide] assays were converted into relative values by calculating the percentage obtained from peptidyl-MIM-treated samples relative to untreated control samples. The 50% inhibitory concentration (IC 50 ) and 50% toxic concentration (TC 50 ) were calculated by linear regression analysis.
RT assay. FIV RT activity in the samples was measured in a standard enzyme assay (31) . Briefly, 10 l of a test sample was added to 50 l of RT reaction mix {50 mM Tris-HCl (pH 8.0), 5 mM MgCl 2 , 7.5 mM KCl, 2 mM dithiothreitol, 0.5 g of poly(rA):oligo(dT) 15 per ml, 0.05% Nonidet P-40, and 0.5 Ci of [␣- 32 P]TTP} and incubated in a 37°C water bath for 2 h. Products (10 l) of each reaction were spotted on DE-81 ion-exchange paper (Whatman) in triplicate and allowed to dry for 30 min. Papers were washed with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) four times for 5 min each and allowed to dry for another 30 min. Dried filters were placed into dry scintillation tubes, and radioactivity was counted.
Cell cytotoxicity assay. The MTT cytotoxicity assay was performed as previously described (26) with minor modifications. Briefly, medium was removed from peptidyl-MIM-treated and untreated cell culture wells, and 150 l of fresh medium was added per well. MTT (Sigma) was dissolved in phosphate-buffered saline (PBS) (5 mg/ml), and 25 l was added to each well. The plate was incubated at 37°C in 7% CO 2 for 4 h, then all supernatants were removed, and 100 l of 0.1 N HCl in isopropanol was added to each well. After 30 min of incubation, 100 l of distilled water was added to each well, and the plate was read at 570-and 630-nm dual wavelengths in a kinetic microplate reader (Molecular Devices Corporation, Sunnyvale, Calif.). The wavelength-corrected optical density is proportional to the number of viable cells able to reduce the MTT to insoluble formazan dye. Untreated wells were used as the positive control for 100% viability.
Chamber slide cell culture. Two-well glass slides (Lab-Tek chamber slides; Nalge Nunc International) were seeded with 10 5 cells of uninfected or chronically FIV-Petaluma-infected CrFK cells. D4E1 peptidyl-MIM was diluted in medium at various concentrations and added to each well to a total volume of 1 ml. Cells were cultured at 37°C in 7% CO 2 for 3 days. The morphology of and cytopathic effect on the cells in untreated and treated wells were observed under Slides stored at Ϫ20°C were allowed to thaw at room temperature for 5 min. Slides were blocked with 150 l of 5% bovine serum albumin for 30 min, washed three times with PBS, and incubated for 30 min with primary antibody (anti-FIV Gag) diluted to 30 g/ml in PBS containing 5% bovine serum albumin. Primary antibody was omitted from one slide each of infected and uninfected cells to check for nonspecific binding. After washing slides three times with PBS, goat anti-mouse IgG-FITC (diluted to 2.5 g/ml in PBS with 5% bovine serum albumin) was added, and the slides were incubated for another 30 min in the dark. Slides were washed three times with PBS, then blotted, and covered with a glass coverslip after applying a drop of glycerol-PBS. An epifluorescence microscope equipped for photomicroscopy was used for viewing.
Assay for virus antigen and infectious FIV (TCID 50 ). FIV p26 antigen capture ELISA was performed with either the low-range ELISA kit (Idexx Corp., Portland, Maine) or high-protein-range ELISA method (North Carolina State University), depending on the relative p26 concentration. The 50% tissue culture infectious dose (TCID 50 ) assay for infectious FIV was performed on FCD4-E cells (22) . Cells suspended in 100 l of culture medium containing 200 U of rhIL-2 per ml were seeded at 10 5 cells with a viability of Ն80% into 96-well plates. Supernatants from chronically Petaluma-infected CrFK cells, with or without peptidyl-MIM treatment for 7 days, were serially diluted 10-fold in medium (without rhIL-2), and 100 l was added to cells in five replicate wells. Cells were cultured for 21 days at 37°C in 5% CO 2 , and supernatants were assayed for p26 by ELISA (Idexx Corp., Portland, Maine). The TCID 50 was calculated by the Reed-Muench method (14) .
Virus binding and entry assay. Virus binding and entry assays were performed according to the method of de Parseval et al. (9) with minor modifications. To assay for virus binding, the monolayer of CrFK cells in a 25-cm 2 flask (3 ϫ 10 6 cells cultured overnight) was cooled on ice for 30 min and infected with 100 l of FIV-Petaluma with or without 2 M D4E1. Cells were incubated on ice for 1 h and washed five times in ice-cold PBS to remove unbound virus. The monolayer was then directly lysed by adding RLT lysis buffer (Qiagen) to the flask. For internalization studies, cells were infected with 100 l of FIV-Petaluma at 37°C in 7% CO 2 for 1 h and washed five times with PBS, and then 1 ml of trypsin-EDTA (0.25%) was added for 10 min at 37°C and 7% CO 2 . Cells were then washed in ice-cold assay medium and PBS one time each by centrifugation for 5 min at 280 ϫ g, followed by lysis in RLT buffer. The total cell-associated viral RNA was extracted by using an RNeasy RNA purification kit (Qiagen) and quantitated by RT-PCR and RT-quantitative-competitive PCR (qcPCR).
To test whether virions produced in the presence of D4E1 are infectious, two different volumes of supernatant (100 and 45 l, to normalize virions based on p26 in the supernatant) from D4E1-treated and untreated cultures were added to monolayers of CrFK cells and assayed for binding and internalization as described above.
Determination of FIV RNA levels in chronically infected CrFK cells. CrFK cells chronically infected with FIV-Petaluma were diluted to 4 ϫ 10 5 cells in 1.9 ml of assay medium (5% FBS) and added to the wells of a six-well plate (Costar). D4E1 or medium alone was added at 100 l per well at a final concentration of 2 M, and the plates were incubated for 24 h. Supernatant was removed from each well, and the plate was washed three times with PBS. Tri-Reagent was added to each well to extract total RNA from the cell monolayers.
The RT-qcPCR was performed as described by Rottman et al. (38) with minor modifications. The primers for detection and quantification of FIV RNA were selected from the published sequence for FIV-Petaluma (41) . Primers gag 7 and gag 8 amplify an 834-bp sequence of the gag open reading frame. The primers for glyceraldehyde-3-phosphate dehydrogenase (G3PDH, internal control) were selected from consensus sequences from other mammalian species obtained from the GenBank database (38) (Fig. 1) .
PCR was used to amplify a reaction series containing equal amounts of cDNA in the presence of serial fivefold dilutions (six reactions/series) of a known amount of competitive DNA fragment (25 pg/ml down to 8 ϫ 10 Ϫ3 pg/ml [ Fig.  1] ). The 485-bp competitive DNA fragment consisted of both the upstream and downstream primer sites for gag and G3PDH separated by a 405-bp DNA spacer. Amplification of the fragment with each primer set yields products of 464 and 465 bp that are different from the length of the cDNA products (Fig. 1) . The PCR master mix (containing cDNA to be tested) was prepared, and 20 l was added to 96-well V-bottomed PCR plates (Thermowell) which contained 5 l of the appropriate serial competitor dilutions. The plate was placed in the thermal cycler and initially heated to 94°C for 1 min, followed by 40 cycles of 94°C for 30 s, 57°C for 90 s, and 72°C for 120 s, with a final 10 min at 72°C.
The amplified competitive fragment and cDNA PCR products were separated by electrophoresis on a Tris-acetate-EDTA 2% agarose gel, visualized with ethidium bromide and a UV transilluminator, and photographed with a Polaroid camera. The image was scanned into Adobe Photoshop and analyzed with a National Institutes of Health image software program to measure the fluorescence of the target and competitor bands in each lane. A fluorescence ratio was calculated to compensate for differences in fluorescence intensity due to molecular weight. The log of the corrected fluorescence ratio was plotted against the log of the number of copies of competitor in the sample, yielding the number of copies of target at the X intercept (molecular equivalence). The amount of gag RNA was presented as a ratio of gag to G3PDH to allow quantitative comparison between samples.
FIG. 1. RT-qcPCR strategy for amplification of FIV Gag protein. The competitive fragment was constructed starting with the gag 7 and G3a primers, then a 405-bp spacer (segment of the feline herpes virus thymidine kinase gene), followed by the gag 8 and G3b primers. The full-length fragment is 485 bp. The gag 7 and gag 8 primer pair amplify a 464-bp product, and the G3a and G3b primer pair amplify a 465-bp product.
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Western blot analysis of intracellular and extracellular FIV proteins. Uninfected or chronically infected (FIV-Petaluma) CrFK cells were seeded into 75-cm 2 culture flasks (Costar) at 5 ϫ 10 6 cells per 10 ml of assay medium (DMEM with 5% FBS). D4E1 (2 M final concentration) was added to the flasks. After culturing cells for 24 h, supernatants were collected for extracellular viral protein analysis; cells were trypsinized, washed, and counted prior to analysis of cell-associated virus proteins.
Supernatants (about 9 ml) were centrifuged at 400 ϫ g for 5 min at 22°C to eliminate cell debris. Then 7 ml of supernatant (2 ml was reserved for the p26 ELISA and RT assays) was ultracentrifuged at 100,000 ϫ g for 30 min at 4°C. Supernatant was discarded, and 100 l of lysis buffer (50 mM Tris HCl [pH 8.3] containing 20 mM dithiothreitol and 0.25% Triton X-100) was added to the pellet. Samples were transferred to a 0.5-ml microcentrifuge tube and stored at Ϫ20°C for later Western blot analysis.
Trypsinized cell suspensions were centrifuged, and the supernatant was decanted. The cell pellets were resuspended in 1 ml of PBS and transferred to 1.5-ml microcentrifuge tubes. Tubes were centrifuged at 5,000 rpm for 5 min at 4°C. Supernatants were discarded, and 100 l of ice-cold homogenizing buffer (0.2 mM EGTA, 0.2 mM EDTA, 2 mM HEPES, 0.5% Triton X-100, 20 g of leupeptin per ml, and 1 mM phenylmethylsulfonyl fluoride) was added to approximately 5 ϫ 10 6 cells. The cell pellets were resuspended by trituration and sonicated on ice. The lysates were held on ice for 30 min, then transferred to ultracentrifuge tubes, and spun at 100,000 ϫ g for 1 h at 4°C. The supernatant was collected and stored at Ϫ20°C for later Western blot analysis.
Western blot analysis was performed by the method of Johnson et al. (17) with minor modification. Briefly, 5ϫ sample buffer (0.3125 M Tris-HCl [pH 6.8] containing 50% glycerol, 10% sodium dodecyl sulfate [SDS], and 0.01% bromophenol blue) was warmed in a 60°C water bath, and 2-mercaptoethanol was added at a final concentration of 5%. Cellular protein was diluted to 15 g (as determined by the BCA protein assay; Pierce Chemical Co.) in sample buffer in a total volume of 30 l. Samples were denatured in boiling water for 5 min and cooled on ice, and 25 l of sample per lane was loaded in the gel. Virus lysates were mixed with sample buffer (usually 2.5 l of virus lysate in a total 25-l volume per lane) and loaded on the gel. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed with a Tris-glycine precast gradient (4 to 20%) gel (Novex, San Diego, Calif.) at 125 V for 90 min. The gel was electroblotted to nitrocellulose membranes, immunostained with FIV ϩ cat serum at a 1:1,000 dilution followed by peroxidase-labeled goat anti-cat IgG at 0.2 g/ml, and revealed by enhanced chemiluminescence.
Nested PCR and limiting-dilution analysis of proviral DNA. Monolayers of CrFK cells in a 25-cm 2 flask (3 ϫ 10 6 cells cultured overnight) were infected for 3 days with either 100 or 45 l of supernatant (normalized based on p26) from 7-day D4E1-treated or untreated FIV-infected CrFK cultures. The DNA was purified with the QIAamp DNA blood mini kit (Qiagen), serially diluted to an equivalent of 10 5 , 10 4 , 10 3 , and 10 2 cells, and subjected to nested PCR analysis. Nested PCR was performed as described by Rogers et al. (37) with minor modifications. Briefly, an FIV gag primer pair (Gag 1, 5Ј-GGGAATGGACAG GGGCGAGAT-3Ј, and Gag 2, 5Ј-TTGCTGCACTTGATTCACTGG-3Ј) amplified a 1,300-bp gag fragment. The thermocycler was programmed to 35 cycles of 94°C for 1 min, 58°C for 1 min, and 72°C for 1 min, with a final 2 min at 72°C after initial hot-start activation of 95°C for 15 min. The PCR products were diluted to 1:500, and 1 l per 25 l of reaction volume was amplified with a second primer pair (Gag 3, 5Ј-TTGACCCAAAAATGGTGTCCA-3Ј, and Gag 5, 5Ј-GCTGG TGCAAATCTTGCTTC-3Ј), yielding a 310-bp fragment nested within the firstround gag fragment. The thermocycler was programmed to 35 cycles of 94°C for 45 s, 60°C for 30 s, and 72°C for 45 s, with a final 2 min at 72°C after initial hot-start activation of 95°C for 15 min. G3PDH was amplified only in the first PCR run and served as an internal control. 27, and 9.50, respectively. The comparable cytotoxicity of peptidyl-MIM for FIV-infected and uninfected CrFK cells suggested that their antiviral activity was not due to a selective toxicity to FIV-infected CrFK cells but was related to inhibition of virus replication. Similar results were obtained with FIV-Black viral isolates tested against D4E1, DC1, D1D6, and D5C (a peptidyl-MIM selected for having low potency), and data for both strains are shown in Table 3 .
RESULTS
Inhibition
Alleviation of FIV cytopathic effect and intracellular p26. Uninfected CrFK cells formed uniform monolayers of spindleshaped epithelial cells ( Fig. 2A) , and treatment with peptidyl-MIM D4E1 had little effect (Fig. 2B) . Chronically FIV-Petaluma-infected CrFK cells showed significant rounding and (Fig. 2C) . Treatment of infected cells with peptidyl-MIM D4E1 resulted in cell growth and morphology indistinguishable from that of uninfected cells during the observation period (Fig. 2D) . The effect of D4E1 treatment on the morphology of infected cells was dose dependent (data not shown). Staining with anti-FIV p26 antibody showed that uninfected CrFK cells were essentially negative for p26 (no fluorescence; Fig. 3A) , whereas the chronically FIV-Petaluma-infected CrFK cells showed strong p26 fluorescent staining (Fig. 3B) . The morphology of the infected cells also appeared alteredsmaller and rounder, with a tendency to cluster together. Treatment of FIV-infected cells with 2 M D4E1 for 3 days diminished the cell-associated fluorescence indicative of FIV p26 (Fig. 3C) . The alleviation of the cell pathological phenomena could be the consequence of reduced viral load, as assessed by p26 levels in the culture.
Long-term suppression of infectious FIV progeny by peptidyl-MIM. Chronically FIV-Petaluma-infected CrFK cells treated with a single 2 M dose of peptidyl-MIM D4E1 for 7 days showed consistent reduction of extracellular FIV Gag protein p26 to 50, 57, 64, and 45% of the control value at days 1, 3, 5, and 7, respectively. A further reduction in infectious progeny virus at 7 days was detected by the TCID 50 assay. Figure 4 shows a Ͼ2-log reduction in infectious virus in D4E1-treated culture compared to controls. No infectious virus was detected prior to day 7 posttreatment (data not shown). This study indicates long-term virus suppression by D4E1, and suppression of infectious virus was more profound than reduction in p26 production.
Peptidyl-MIMs do not affect FIV binding, entry, or mRNA levels. Virus binding and entry were characterized based on the facts that virus binds to but cannot penetrate the cell membrane at 4°C and that trypsin treatment removes externally bound virus but has no effect on internalized virus (9, 15) . CrFK cells infected with FIV-Petaluma at 4°C had significant viral gag RNA as detected by RT-PCR, whereas trypsin clearly reduced this band (Fig. 5A) . In contrast, when cells were infected at 37°C, FIV gag RNA was detected from both trypsintreated and untreated cells.
To quantify the percentage of virus removed by trypsin treatment at 4°C, RT-qcPCR was performed. The results are shown as the gag/G3PDH ratio (Fig. 5B ) and confirmed that greater than 90% of the cell surface-bound FIV had been removed. As shown in Fig. 6 , RNA from uninfected cells had a G3PDH Chronically infected CrFK cells incubated with or without D4E1 for 24 h were extracted for total cellular RNAs. RTqcPCR analysis revealed mean gag/G3PDH ratios of 0.18 Ϯ 0.086 for untreated cells, compared to 0.22 Ϯ 0.095 for D4E1-treated cells, which is statistically insignificant (P ϭ 0.83). These results suggest that D4E1 has no effect on virus mRNA production.
Effect of peptidyl-MIM on FIV protein synthesis and virus release. Supernatant and cells from chronically infected or uninfected CrFK cells were treated with or without 2 M D4E1 for 24 h and assayed for virus particle proteins by SDS-PAGE and Western blotting with FIV-positive antiserum. ples, two FIV-positive bands appeared which corresponded to p26 and p15. D4E1 treatment significantly decreased these two proteins (lane 8) compared to levels in untreated cell culture supernatants (lane 7). Taken together, the equal levels of precursor protein Gag p55 in the cells, the enhanced intracellular mature Gag product p26, and the decreased extracellular p26 in D4E1-treated FIV-infected CrFK cells suggest that D4E1 may block FIV particle budding out or release from the cell membrane.
Noninfectious virus produced from peptidyl-MIM-treated cultures can bind to and enter cells. The previous experiment showed that infectious virus was reduced approximately 2 logs after a single treatment with D4E1 (Fig. 4) To determine if the virions produced from D4E1-treated cultures were capable of infecting CrFK cells, cells were infected by virions from D4E1-treated and untreated cultures for 3 days, and DNA was purified and analyzed by nested PCR. The quantity of virus used to infect cells was either 100 or 45 l (based on normalization from p26 expression). As shown in Fig. 8 , lanes 7 to 10, nested PCR amplification detected proviral DNA in as few as 10 3 cells in the culture infected with virions from the untreated culture, while proviral DNA was only detected in 10 5 cells of the D4E1-treated culture (lanes 11 to 14) . This indicates that the virions produced from D4E1-treated cells are mostly noninfectious.
We further asked whether these defective virions were capable of binding to and entering the cell. The results (Fig. 9) showed that binding was comparable between virus derived from untreated (lane 5) and D4E1-treated (lane 6) cells. Similarly, virus internalization was comparable between untreated (lane 10) and D4E1-treated (lane 11) cells. RT-PCR of viral RNA from D4E1-treated and untreated culture supernatants also confirmed the ELISA results (45% of the control), as the band in lane 12 (untreated) had twice the intensity of that in lane 13 (D4E1 treated).
These results indicate that D4E1 reduced virus production. Reduction in infectious virus was more marked than reduction in p26 production, suggesting that D4E1 may affect some posttranslation step, such as virus assembly or release.
DISCUSSION
A number of natural peptide antibiotics and their synthetic peptidyl analogs have been shown to have a broad range of antimicrobial activity (4, 16) . Although many studies have reported the antibacterial, antifungal, and antiprotozoal activities of these peptides, only a few studies have evaluated the FIG. 5 . Differentiation of cell-associated external and internal virus. CrFK cells were infected with FIV-Petaluma at 4 or 37°C, followed by trypsin to discriminate between bound (external) and internalized virus. (A) RT-PCR was performed with primers specific for FIV gag and G3PDH (internal control). Trypsin treatment reduced cell-associated gag RNA to minimal levels when viral infection was performed at 4°C but not at 37°C. (B) RT-qcPCR was performed with primers specific for gag and G3PDH with a competitive fragment (see diagram, Fig. 1 ), and the results are expressed as the gag:G3PDH (G3) ratio. Trypsin treatment reduced cell-associated gag RNA to less than 10% of that found in the untreated culture when viral infection was performed at 4°C. antiviral activity and characterized the mechanisms of action (28, 45, 46) . In this study, a panel of synthetic peptidyl-MIMs were tested for antiretroviral activity against FIV-infected CrFK cells. These peptidyl-MIMs were designed to enhance their antimicrobial activities while retaining low host cell toxicity; the conserved ␣-helix and ␤-sheet motifs of natural peptide antibiotics were modified in length, charge, and hydrophobicity. Three of 16 peptidyl-MIM candidates, D4E1, DC1, and D1D6, effectively inhibited FIV RT activity, with IC 50 values of 0.46 to 0.94 M, which were 10 times lower than the TC 50 . The in vitro (inferred) therapeutic indices were 12.8, 12.3, and 9.5, respectively, for these potent candidates, suggesting potential as novel antiretroviral agents. The experiments also showed effective reduction of infectious virus progeny in the cell culture supernatant, alleviation of cell pathological phenomena, and reduction of the intracellular virus burden. Similar results were obtained by Wachinger et al. (45, 46) , who showed that the peptide antibiotics melittin, cecropin, and their derivatives inhibited replication of two strains of HIV in vitro. They obtained IC 50 values of 0.4 to 2 M, which were very similar to those found in the present study, and these concentrations also were not cytotoxic. In view of these similarities, the results may reflect general antiretroviral activity for antimicrobial peptides.
Studies on the direct effects of peptidyl-MIM D4E1 on several key steps of the FIV replication cycle were carried out. FIV binding was not affected by D4E1 treatment, as indicated by the similar levels of amplification of cell-associated virus gag RNA when the cells were infected at 4°C. Similarly, D4E1 treatments had no significant effect on virus internalization at 37°C or on virus transcription. However, analysis of cell-associated and virus-associated viral proteins by Western blot revealed an intracellular accumulation of mature Gag protein p26 and reduced extracellular Gag p26. This accumulation of mature Gag p26 was not due to the increase in viral protein synthesis, as the Gag precursor (p145 and p55) levels were similar in the untreated and D4E1-treated cells. Mature p26 is a product of the Gag polyprotein which is cleaved by viral protease. Protease is activated after the dimerization of two Gag-Pol fusion proteins, which happens during or shortly after assembly (34) . The accumulation of the p26 protein within the cell indicates that D4E1 inhibits virus production during or after virus assembly and before virus budding from the cell membrane.
Experiments to characterize FIV protein p26 expression in chronically infected CrFK cells were conducted under different conditions. Changes in p26 were associated with treatment of chronically infected cells with peptidyl-MIM D4E1. However, short-term treatment with D4E1 may induce a transient increase in cell-associated p26 while decreasing the amount of p26 in culture supernatants (as shown in Fig. 8 ). Longer exposures (3 days) in continuous culture with D4E1 may be required to inhibit intracellular FIV p26 as detectable by immunocytofluorescence (Fig. 3) . In addition, other factors such as outgrowth of uninfected cells may contribute to these changes. An interesting observation from this study is that peptidyl-MIM appears to have a more pronounced inhibitory effect on the production of infectious virus than on the production of p26 viral proteins in chronically infected cells. This prompted us to further investigate whether virions produced from D4E1-treated cells were able to bind to, enter, and replicate in CrFK cells. Our results indicate that these viruses are normal in binding and internalization (Fig. 9 ) but have decreased ability to produce infectious virus compared to virus from untreated cells (Fig. 8) .
Membranes have long been recognized as targets for many peptide antibiotics, having ␣-helix and/or ␤-sheet secondary structures and amphipathic and cationic characters (19, 20, 40) . The membrane-targeted activity of peptide antibiotics was demonstrated in voltage-dependent channel formation in artificial membranes (1, 18) , lysis of liposomes, and direct lysis of enveloped virus (2, 8, 11, 21, 27, 43) . Despite general membrane disruption phenomena, the peptide antibiotics generally have strong selectivity against microbes but not normal host cells. The basis for the selectivity is considered to be the differences in size of the transmembrane electrical potential gradient and the lipid composition of the membranes of bacterial and host cells. However, as the envelope of the virus actually originates from the host cell membrane, both membranes have similar lipid compositions. Nonetheless, the concentration of peptide antibiotics inhibiting virus production from host cells usually is much lower than the virolytic concentration, suggesting more complex mechanisms instead of direct penetration of the membrane (46) .
The unique secondary structure (␣-helix and ␤-pleated sheets) of synthetic and natural peptide antibiotics may interact with either host or viral proteins via charge, hydrophobicity, amphipathicity, or spatial chiral structure to inhibit protein function important for viral replication. For example, T22 (a peptide modeled after polyphemusin isolated from the hemocytes of horseshoe crabs) inhibited HIV fusion by binding to CXCR4, a chemokine receptor that serves as a coreceptor for the entry of T-cytotropic HIV-1 strains (28) . A second example is melittin and one of its synthetic peptide analogs, which inhibit the infectivity of the tobacco mosaic virus by perturbing its assembly due to the similarity of melittin to a virus capsid region involved in RNA interaction (23) . Peptides consisting of sequences taken from viral proteins or having secondary structure (amphipathic ␣-helix or ␤-pleated sheet) similar to those of viral protein have been shown to impair viral infectivity (6, 33, 47) . These reports suggest that the similarity of peptide antibiotics in both sequence and secondary structure to viral proteins may be essential to the mechanism of their antiviral activity.
The results from our experiments seem to favor this hypothesis. Stepwise identification of the inhibition of viral replication by D4E1 indicates that virus production was blocked at assembly and release rather than a general membrane disruption. Prior to virus assembly, the N-terminal glycine of the P17 MA domain of Gag or Gag-Pol protein is myristylated to direct the Gag protein to the host cell membrane and anchor envelope protein to the virion capsid (5). The amphipathic ␤-sheet structure of D4E1 could interrupt this connection by binding to the Env gp41 transmembrane protein, which also has a strong amphipathic segment in the carboxyl terminus (24) , as has been suggested for defensins (having an amphipathic ␤-sheet structure similar to that of D4E1 [25] ) and magainin-2 (24) .
The present data demonstrate that the amphipathic ␤-sheet structure of peptidyl-MIM D4E1 may facilitate interference with viral assembly or release and reduce the number of infectious progeny virions. This activity represents an effective antiviral strategy with a potentially wide therapeutic window. These results should encourage the further study of synthetic peptide membrane-interactive molecules for use as therapeutic agents. 
